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INTEGRAL
2002-(2019+..2029)
ESA

15-8000 keV

NUSTAR (<80 keV!)
2012-(2020+4) ...
NASA

Fig. 1. NuSTAR telescopes in deployed configuration
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MeV Range Gamma-Ray Telescope Principles

e Simple Detector (& Collimator)
(e.g. HEAO-C, SMM, CGRO-OSSE)
Spatial Resolution (=Aperture) Defined Through Shield

® Coded Mask & Detector Array
(e.g. SIGMA, INTEGRAL, SWIFT)
Spatial Resolution Defined by Mask & Detector Elements Sizes

;
%

® Compton Telescopes
(Coincidence-Setup of

Position-Sensitive Detectors)

(e.g. CGRO-COMPTEL, CT, ASTROGAM...)
Spatial Resolution Defined by Detectors’ Spatial Resolution

Achievable Sensitivity: ~10-° ph cm2 s, Angular Resolution ~ deg
Indirect Methods in Nucl. Astroph., ECT Trento (1), 05 — 09 Nov 2018
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Garrna-Ray Astronornical Telescopes:

Interaction of high-energy photons with matter
18
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Compton Telescope

Compton scattering = a coincidence technique

COMPTEL

Gamma-ray _
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Gamma-ray scattered; %
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C Measure Compton scattering and pair processes

Measure all interactions that derive from an incident photon
““"Improvement as Direction

(momentum) of secondary 130 Teld of View
electron is measured
in a tracker e T e

Y—photon
< -> Comptonscatter

‘event circle’ skymaps:

Y-photon s
-> Paircreation . -~

-

| Un-tracked Compton events | | Tracked Compton events

Declination [deg]
Declination [deg]

instrument overall height 1.3 m '
T

(R T

T TT I T Om T
- H il Calorimeter
24 I TR TR TR TIT

Anticoincidenceshield

1 20 30 40 instrument overall width 1.2 m

Right Ascension [deg]

20 30 40

Right Ascension [deg]
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& Analysing COMPTEL Data

® Poissonian Statistics of Event Measurements
Incorporate expected statistical fluctuations
® Ambiguities for any E1, E2, X1, X2 set:
different photon origins
Incorporate degeneracy of instrumental response

s Viewing direction

of point sources

— Iterative methods of improving a forward-folded model for data

® Statistical de-convolution, or model fitting:
Likelihood of observing measured data, given a model
Discrepancy with real measurement used to improve model parameters
Improve model until “best fit” achieved / select best-fitting model

® Deconvolution results depend on model and fit/convergence method
Maximum Likelihood
Maximum Entropy

Indirect Viethods in Nucl. Astroph., ECT Trento (1), 05 — 09 Nov 2018
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On INTEGRAL Spacecraft of ESA (2002)
Energy Range 15-8000 keV
Energy Resolution ~2.2 keV @ 662 keV

Spatial Precision 2.6° / ~2 arcmin
Field-of-View 16x16°
Indirect Methods in Nucl. Astroph., ECT Trento (1), 05 — 09 Nov 2018




ESA’s INTEGRAL Mission
® Excentric 3-day orbit well above radiation belts = stable bgd

® |Launched 2002 for 3+2 Years; etended after ESA bi-annual reviews; de-orbit in 2029

=y «

Lp'ﬂEahh parking orbit Balkonur

Upper stage boost
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A Sky Survey with INTEGRAL

“Dither Patterns” Scattered over the Sky
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Counts

109

1.5410°
2 1.0410%}

/5.0010% |

det=0,18 |
pnt=(280.1,-30.0)

1760

1 detector, |
J 1 pointing
' (to be fitted!)

1780 1800
Energy (keV)

1780 1860~ 1¢

aemmm T “Enerav (keV)

Data dominated by

instrumental background (CR’s)

L 15269 * 19 spectra
[ orbits 28-358, ~1000d

. .
det=0,18
ni=(184.6,-5.6) |

1795 1800 1805

1810 1815

Energy (keV)

2000

4000 6000

Energy (keV)
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C The Challenge of Finding SN2014) Gamma-Rays

7« Current Gamma-Ray Telescopes Have Large Intrinsic Background

‘¥~ Cosmic Ray Activation of Spacecraft and Instrument

r—
10-!
10-2
10-3
10-4
10-
10-¢
10~
10-8
10-°

typical background intensity

Flux, Phot/s/cm?/keV

1 1 1 1 l 1 1 1

500 1000
Energy, keV

from Churazov et al., 2014
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& The variety of astronomies

- " Radio IR opt UV X-rays Y-rays (space) Y-rays (ground)
2 o & sup-mm  FIR NIR w O
3 é; 3 ] ] I ] ] i ] ] ] ] ] ] ] ] ] ] ] ] ] ] Ly 8 5@
o 5 O ~ - =
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LA R . o o g
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( \ Jistic| @
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~ 7~ Y particles =
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C Nuclear Gamma-Ray Lines
Isotope Mean Decay Chain Y -Ray Energy (keV)
Lifetime
"Be 77 d 'Be — 'Li* 478 A
*°Nij 111d *°Ni — *°Co* = °Fe*+e’ 158, 812; 847, 1238
i\ 390 d ’Co— “"Fe* 122 >
*’Na 3.8y *’Na — “Ne* + e' 1275 individual
" T m ” object/event
Ti 85y Ti—""Sc*—""Ca*+e” 78, 68; 1157
J
2°p\ 1.04 10°% °Al — *°Mg* + e’ 1809 N N
*Fe 3.8 10°% ke — °Co* — ONij* 59,1173, 1332 . from many
+ PO ven
e ... 10% e'+e’ =5 Ps — .. 511, <511 events
_

Radioactive trace isotopes are by-products of nucleosynthesis
For gamma-ray detections we need:
‘¥~ Decay Time > Source Dilution Time (~weeks)
“¥”Yjelds > Instrumental Sensitivities (10 ph cm2s?1)
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o Radioactive Tracer of Nucleosynthesis

Cosmic
Nucleosynthesis
. AL Mg
[\ 5+
Weak
Decay e - capture
(2.7%)
g' - capture
* - decay
(97.3%) 2+
Y
1.130 MeV (2.4 % )*
B* - decay
M g (100 %) 2+

b
De-Excitation /\/f\/\//\/\/\//\/\/\//\//\/\/\/\) 3%) || 1.809 MeV (99.7 % )*
Y b

0+

Mg
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26Al in our Galaxy: y-ray Image and Spectrum

20~ T T T
E=1809.09 (+0.08) _I_ |

- FWHM=0.53 (+0.34)
T 1=3.20 (+0.18)

T

Intensity [10**ph cm™s'rad'keV"]

L 1 L L L L L L L L
1810 1815 1820
Energy [keV]

3 M'as&ve Star/Nucfeosynthess
\5:3‘ in the Current Galaxy:
Current Enrichment (*My) from 2®Al y-rays
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Measured Gamma-Ray Flux*
Galaxy Geometry

*) better account for foreground emission
4} 110 Kpe 4

HALO <[Fe/H]>~-15
THICK DISK

BULGE
<[Fe/H}>~n=0.8

THIN DISK

8 Kpe <{Fe/H]>~-0.5

15 Kpe

Al Yields per Star
Stellar Mass Distribution

10~
104
10-5
S 10
2 IMF-avg 2.7 10 Mg, Sukhbold+2016
s> 107 IMF-avg 3.6 10°° M, Sukhbold+2016
= Chieffi & Limongi (2013) total
- Ekstrém et al. (2012) wind
—e— Limongi & Chieffi (2006) total
10-2 ! -+ Limongi & Chieffi (2006) wind
/ —e— Limongi (priv. comm. 2017) total
i3 -+ Limongi (priv. comm. 2017) wind
10710 3 —e— Meynet et al. (1997) total
$ —— Woosley & Heger (2007) total
10-11 . #-+ Woosley & Heger (2007) wind
0 20 40 60 80 100 120

Mzams [Mo]
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CUsing the 26Al Line to Characterize the Galaxy’s SN Activity

26A1 Mass in Galaxy = 2.0 (£0.3) Mg

26Al Mass in the Galaxy

R. Diehl ef al., Nature (2006)

5
ssudorb RO Jul 2005
45
avg= 328
var= 3.8%
4 ].
35 [
. I
= L
2 25
g
E +
15
1
05
0
Elect_NoThicki80 Elect_03 COMPTEL ME I7 IRAS100mu  Robin_05_03_125  expdiskd_180  Elect_NoThickl40

cc-SN Rate = 1.3 (£ 0.6) per Century

Core-Collapse Supernova Rates

=
:
v
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z
2l
A D O Q> S »
SIS NC I S I SC R SINC G I
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Star Formation Rate = 2.8 Mg/yr



Counts

109

1.5410°
2 1.0410%}

/5.0010% |

det=0,18 |
pnt=(280.1,-30.0)

1760

1 detector, |
J 1 pointing
' (to be fitted!)

1
1780 1800 1820
Energy (keV)

1780 1860~ 1¢

aemmm T “Enerav (keV)

How are those data
analyzed?

L 15269 * 19 spectra
[ orbits 28-358, ~1000d

. .
det=0,18
ni=(184.6,-5.6) |

1800 1805

1795

1810 1815

Energy (keV)

2000

4000

Energy (keV)
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Identification of Background Lines

.. two examples...
Cyg Obs Revll

1085 Be Spallation->"Be(EC)Li (53d) 1084
] 4386 ] 1779.2
' : . I si’26  Fe/Ni/Cu Spallation->26Mn(b-)%Fe (2.6h)
e ay |

1759,

: 18108
17704 1808.0 1847.8 1888.9902.1
A o 1832.9 -7 1862.0 1582??8_93-4} 1934.8

S E L g ;fé'af//'br'aféz’;/ine energy (keV)
1003 | | 1002 ——ii___& = | ———l
1600 1850 6850 7100 7350 7600 7850
-‘ i 1l e i | i {F | i o o o . SRR & S ner o -
A R L R AP TR
1. Detailed Spectral Fit with Instrumental Response -> Line Components

2. Isotope Identification per Line
(Gamma-Ray Line Lists from ‘Table-of-Isotopes’ References
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& SPI instrumental background lines: remarks

® |lines show a characteristic intensity pattern in SPI Ge camera

18[

16}

Relative Intensity
o ury jury Jary
© o N >
B e

<4
o
T

o
>
T

-
o]
T

« ®Ge (872 keV, epoch 1)| 1
+ “Ge (872 keV, per orbit) | —

-
=)
T

-
o~
T

B _Ge detectors
§‘° IBIS

4
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4
=)
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I
~

N
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-
w0
T

1
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& SPl instrumental background lines: remarks -

Intensity patterns in camera are very stable over longer times:

the physical

process
(ori gi n) - ,.5: one detector, each orbi
remains i TP wm] s
the same

05

20

o_e'- one detector, each pointin
Pomtlng number

r opeprbit
15—

i

Relative Intensity in Revolution 97

0 5 10 15
Indirect Methods in Nucl. Astroph., ECT Trento (1), ( Detector ID
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| SPI Ge detector spectra
- g
i § 107
10°L '
B UJUJ \ 1760 780 1800 820 ,
9 1 08 Energy [keV]
S =T 5
o - 3
O e -
c T — |‘+" T T -1
..g | - e 16 ,ll |
7 j— ?gtlg?a“ ipund |
- —= - - - - Individual Components —
£ 107 = :
R | )
. § _
2
10%
1 05 | Energy [keV] | | | |

20 50 100 200 500 1000 2000 5000
Energy [keV]

Modelled/understood at high precision
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& Discriminating Background and Sky Signals

® Tracking the relative count rate ratios among detectors

-
@

-

©

“Ge (872 keV, epoch 1
: #Ge (872 keV, per omvl; -

-
=)

- o

> =)
T

-
»

- ]
£1 g 12 E
£ s
: F
z 1.0 g 10
c &

08 08

keV, epoch 1) |
keV, per orbit) | 4

e
o

o
»

L L L
0 5 10 15
Detector ID

ded Mask Telescope:
ting a Shadow

Intensity [10*ph cm™s'rad'keV"']

1805 1810

Energy [keV]

1815
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Gamma ray spectroscopy wnth SPI

SF T T
. 26AI Galaxy
'] It WO r kS ! : Effective Area: ~44 cm? :

26A] line 1808.6 keV '

x2=200.3(184 dof) 1
instrumental lines

| = (2.83+0.07)x10™* phcm™? s~
1810 keV (1)

71779 keV
‘571764 keV

..also: SN 2Ni, 44Ti

N

w
III|IIIIIIII

C, = (1.9520.30)x10® ph om™? s7' keV™' (@1792.5 keV)

instrumental bgd *0.2

—
TT

Flux [10™* phcm™@ s™ (0.5 keV)™]
N
I

1760 1780 1800 1820 1840
Energy [keV]

E T 100.0 15 14
15| [
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Indirect Methods in Nucl. Astroph., ECT Trento (1), 05 — 09 Nov 2018 24



e,

o

Spatially-Resolved Spectroscopy

® Analyze Line Shape and Position for Different Directions
Galactic Rotation 0.8f

3 t 3
0.4: ;
0.0 Mm

apt? ‘

0.6f
8'35# t
e I
0.2}

0.4f ]
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¢~ Characteristic Energy Spectra of SPI/INTEGRAL Data —

'10/ ' ' ' T ' ' ' I I ' ' |

6
1 o
s ~400 instrumental background lines

see Diehl et al. A&A 2018

)

1041

Counts

10°}- -

10|

10T L

109

2000 4000 6000 8000
Energy (keV)
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& Ge Detectors in Space Telescopes

Ta/Sn/Fe

\\\fa ei
H
[

s -
o BN

]
Detector Cross Section
Electric potential

Mechanics
(RHESSI)
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& Detector degradation in SPI

Incident cosmic rays collide memedd
with instrument detector ENNaYhy photon | 4 5
nuclei to generate excited ot MY P P
. \
daughter nuclei and '\, A
radioactive by products, A §

and

to also destroy the Ge
detector crystall structure,

hence degrade the charge
collection efficiency

Ta/Sn/Fe

e detectors

anti-coincidence detectors

y m
spacecraft structures

5)

spacecraft structures

“_ ~ v <
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& Detector degradation and annealings

® The instrumental lines are Gaussian in ideal cases

® Degraded charge collection leads to a one-sided bias
120 T

100

Aadadaaaa)|
I mwun
NN =00 4

80

60

arbitrary units

40

Ta/Sn/Fe

1 1 1 l 1 1 1 l 1 1 1 l 1 L 1 l L 1 1

1015 1020 1025 1030 1035
Energy [keV]

|
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Detector degradation and annealings
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Ge detector annealing in space

® Stirling coolers are turned off, HV off

® Heaters are turned on e e e

® ~100-200 hours at 100° C
® Heaters off, Coolers on

® - 80K operation temperature

Passive Radiator (205K}

® ~2 weeks total duration

LA —EUITY A | O QOLL CONDL (4] L2
S — N —— —EUIZ824 TR OOLD £CND2 (<
. i " EUIZS3A T CROOLD CCND2 (£
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if [Fridpate reackes - 3
104 11 4 dext ——E3%81 T R COLIBOX RI (00
300 7
250 j
( g
—_ S
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2 om R
g / g ,_
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473
TTtanium Supports 200/300K
-223 4
Glass Aber Plates 85/7200K y Detection Plane 18I
o =273

2000-C1-12 2300-04-14  2000-21-1C 2000-01-13  2000-01- 2 -2 00-01-24  2000-C1-2¢  22C0-01-2C  200001-00 2020-02-01
uruew [UINUIRT UTTINRII [LIXETRUE) vuuJuly (USRI uuuuuy uruew JUIAUIRT) UL (LRI

SPI Cooling Syst
SPI annealing: temperature tracking O0ling >ystem
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& 26Al in the Inner Galaxy:
Excess Gas Velocities Seen in 2°Al

‘¥~ Comparison of 26Al velocities to others, e.g. CO
— solid blue: expected if 26Al follows CO densities, and a standard rotation curve is adopted

— dotted red: same but fraction of 26Al placed in a Galactic Bar
— green dashed: two-spiral arm distribution of 2°Al sources, with enhanced densities towards inner arm ends

300 aaf. " T .
§~ ‘
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o
o
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- " ad »
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¢ How massive-star ejecta are Spread out...”

® Superbubbles blown into inter-arm regions

Assumed ~Al-mass distribution

Sun

Indirect Methods in Nucl. Astroph., ECT Trento (1), 05 — 09 Nov 2018
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¢ How gas is recycled...

Dense Molecular

oo New nuclei are in hot plasma

Stars form from cold gas

infall
(e.g. HVC's, streams;

‘ Cooling/mixing may depend on source

Remnants (WD,BH,NS)

(InbmaX/S'“g pmsar_ (dElay, efﬁClenCY)

(other galaxies nearby; 16

&

Blnary X-ray Binary
Interactions

Outflows
oo T 4 (metal-rich gas) Diffuse g,
- H-="" g *s El as
Ly ; ‘\i‘
= oo %
§ 0 > 23 o
@ 4 By e et E
(_>“ E v,,,:‘,% ('\.\“9 gas
g % ~~i~~ % Q*z‘ﬂ
‘ ‘ ‘ L o
40 20 0 20 -40 § )
Galactic longitude [deg] ‘\\(\ S ‘%b
) S L &
o & N
Halo star/AGN i,} = X, ‘b'\’
| Cold condensed gas %0 Qo e}
=1 - & \'Q @
o =9 +Cold front (IVC-like) Q,?‘v
¥ 7 A
o al &
/ E,-' ,-5 } Fountain
y s /€ ! cycle
| £ v
’.' S o%
& Outflows
" (metal-rich gas)
300 kpc metal-rich gas
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~ \ T T T T T T T T | s
- E=0.07 (+0.30) INTEGRAL/ SPI
0.20~ FWHM=2.76 (+0.00) (Wang et al., 2007) —
" 1=0.44 (£0.09) :
@ 015 - e
= : : =
> r ] =
3 0101 E T
- B ] eyl 8
> B ] fe )
[ 0.05 -~ -
(V] - —_ i
= e ‘ B | =
0.00 [~ ‘ =111 | -
-0.05 T .
L TS B TS B ST AT J
-5 0 5
Energy (keV)

Clear but faint gamma-ray signal (50)
60Fe/26Al emission ratio ~15%
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Nuclear reactions to produce %°Al, ®Fe
® The Na-Al-Mg cycle: p captures (H burning, +...)

26A1 Nucleosynthesis: Example of a Cosmic Reaction Network,
Common for Intermediate-Mass Isotopes

® Neutron capture on Fe in
massive-star shells

nucleosynthesis Roland Diehl

56 57
Fe Fe

91.75 2.12 0.28 (44.50 d} tsz My}
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& Radioactivities from massive stars: ®°Fe, 2°Al

Massive-Star Interiors

(adapted from Heger)
'« Hydrostatic fusion

I T T I 1 T T I T I T I I -I 1 I T 1 I I T T | 1 T T
* WR W[nd re/ease - et nclear erergy generatlon (burning plus neutring logses) lnergg," 57!
20 -2 o w0 a1’ 0l »a2 pq0°
V< Late Shell burning i *ég
I
'« Explosive fusion - 53
. 5 [
'« Explosive release ~3 :
% 15
£
2
g
o 7
3 10
S
©
©
©

0 2
log (time before SN) [y]
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. 7« Models for massive-star & SN
10
) ; nucleosynthesis
10 ': . . .
“¥"Wind ejection
S 10° 3 t&:'. & ' )
= L Explosive nucleosynthesis
° -7 :5 o). . .
s 10 e
z J:'- === Chieffi & Limongi (2013) total add|t|0n and SN EJGCUOH
N x o Eeeil el — Assembled by M. Pleintinger 2018
10 h Nomoto et al. (2006) total
H —+— Limongi & Chieffi (2006) total
10~ ,“ ==e:= Limongi & Chieffi (2006) wind
£ —— Limongi & Chieffi (2018) total
-0 f' --e-- Limongi & Chieffi (2018) wind
10 “ —e— Meynet et al. (1997) total E
] == \Woosley & Heger (2007) total
10" . =+e:= Woosley & Heger (2007) wind
- -4
0 20 40 60 80 100 120
Mzams [Mo]
10°
=== Chieffi & Limongi (2013) total
;0' 107 Nomoto et al. (2006) total
= —e— Limongi & Chieffi (2008) total
R == Limongi & Chieffi (2018) total
> 10 e:= Limongi & Chieffi (2018) wind
& Y —— Woosley & Heger (2007) total
107 : e:= Woosley & Heger (2007) wind
.. .'.
107 %
10—10
10—11
0 20 40 60 80 100 120

Mzams [Mo]
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& ®OFe in the Current Galaxy’s ISM

® QObserved *°Fe/%°Al Intensity Ratio ~15% (+4%)

————
- E=0.07 (:0.30)
020 FWHM=2.76 (+x0.00)

100 '

- 1=0.44 (20.09)

4
-
(4]

(=]
-
o

Prantzos 2004

(0]
o
T AT ]

0.05}

o))
@)
I

0.00F

Mean Intensity [10* ph cm?s™'rad'keV™']

-0.05}

5l+khbold+2016 |
\\\ w EJr5|ergy offset frc?m Fe line [ke?l]

= '\\ Limongi\& Chieffi\%

RHESSI SPI

H
O

N
O

®Fe/?°Al line flux ratio (%)
t
\
\

O

"F60Fe/56Fe isotope ratio in current ISM = 1.5 107 (model: 7 10* sukhbold+2016)

— using M=4.95 10° Mg, and SAD 7.5 and M,¢,=2.25 Me> Mg V1.2 Mg
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Background history

Revolution
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(3 Background Variations

Year
2004 2006 2008 2010 2012 2014 2016
I e e e e T R AN e B E e e e e e N
» Continuum (780-920 keV)
Sunspot number |

® Specific lines have
characteristic variations,
in detail different to continuum

—
)]
LI R S B B |

el

—
(=]
T T 7

(=]
[4)]
i

Count rate per detector [ph s™' (140 keV)™']

e
o
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L L " L 1 L L " 1 1 L
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““"llustrated when normalised:

® Specific lines have characteristic variations, different to continuum
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M'-P5 L L]
C Background Variations
. . . 2004 2006 2008 2Y(?% 2012 2014 2016
® Activation of materials happens: ooosf wcofﬂgw,wmkev
Co(B7)*Ni (1332.49 keV
60CO, 48V
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& SOFe Analysis SPI -
e Analysis
Year
. . . 60 2004 2006 2008 201 0 201 2 201 4 201 6
. Fr LI B B L B 5
Activation of materials: °°Co 0.005F +a,00§ g“w SAREARg.:
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o Diffuse ®°Fe emission is seen from the Galaxy
AND on Earth & Moon

F T T Y J y T ! ' ' I B
- E=0.07 (+0.30) INTEGRAL/ SPI
0.20~ FWHM=2.76 (+0.00) (Wang et al., 2007) —
" 1=0.44 (+0.09) ]
7 0150 .
[= - ]
= C ]
E; 0.10 N -
= | :
z) 0.05 o ]
(] - _
E T ‘ l :
0.00F ‘ == |
-0.05
L |

Clear but faint gam -
®0Fe/25Al emission ratio ~15% TR — :
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How ®°Fe came onto Earth
® Two local ISM cavities merge (Local Bubble & Loop-1)
® SN explosions within LB - ejecta flows reach the Sun

Schulreich+ 2017

y (pc)

y (po)

ejecta density (6°Fe)

—400 —200 0 200 400 600 800 —400 —200 0 200 400 600 800 —400 —200 O
x (pc)

200 400 600 800
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c How 6°Fe came onto Earth
® Two local ISM cavities merge (Local Bubble & Loop-1)

® SN explosions within LB - ejecta flows reach the Sun

Schulreich+ 2017

/ 35 ¢ T T T T T ] 2'5_"'1"'I"'I"'I"‘l"l ]
o g Knie etal. 2004 (237KD) o 3 I 0.16 e g:%: 1
v 3 EF Fitoussi et al. 2008 (237KD) O i F 1 ]
— r ] 2 0.12 F 3 SN #03 —

I background (237KD) --- ] N : 1 SN#4 — ]
o 25 F Wallner et al. 2016 (Eltanin sediments) . - SN #05 —

= C Wallner et al. 2016 (FeMn Crust-1) ] 15 L SN #06

— 2 F Wallner et al. 2016 (FeMn Crust-2) 3 = r gg% — ]

d_" - Wallner et al. 2016 (Nodule 21) ] SN#09 |
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Is nearby ®°Fe accompanied by ‘typical’ 2°Al?

Feige etal. 2018

® Search for 2°Al S ' 7 _
. [ ¢ ELT45-16 (a) !
in deep-sea - P[ = ELT45-21 -
. — .—\ ! o ELT49-53 _.
sediments&crusts AR v ELT50-02 :
% Large ‘background’ from g af TN -—=- surface -
) - . ---= extrapolation !
26A\| that is CR-produced Lo P 1 { * :
in Earth atmosphere = T ok -
2 9f - \;x -
S | 9 .
2‘? 2| L3 ; } 5 .
: R B
1f 1 | SR
— Constraints on 26A| 2.0 2.5 3.0
. . . time period (M
inconsistent with | tmeperiod (Myn) |
galaxy-wide ratio (0.15) & 6 *200kr (b) |7 10\‘”"’Fe/z‘*f\h0-0?- (c)
[ —
. 60 26 Z 4 — Gauss-fit =~ 5 ~———
—> Local: ®9Fe/?°Al > 0.3 S = 200kyr vy
S 2 \ 5 * averages
58
= 0 E 1 ggcltrlfgf)%latlon |
1 ' 0o 1 2 3 4
time penod (Myr) time period (Myr)
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The Al Isotope Ratio

® 2/Alis enriched with Galactic Evolution

e 2°A| decays, so from current nucleosynthesis

® Early solar system meteorites measure ESS environment

® Pre-solar grains measure nucleosynthesis in dust-producing sources

‘canonical’ value

for ESS of ~5 107
(McPhersson+1995)

‘supra-canonical’
up to 6.5 10> ??
(Krot+2012, Makide+ 2013 ..

Consolidated ESS

(5.23+0.13) 10>
(Jacobsen+2013)
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— see also Tang & Dauphas 2012; re-inforced by Reto Trappitsch NIC 2018: 108
, back-evolved from ®°Fe gamma-rays)

““"|nitial ®°Fe/>°Fe ratios uncertain between few 107 and <108

R_ISM_ESS
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Measurements from Early-Condensated Bodies

Could be ~ interstellar average
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- MPE~

26A| and °°Fe in Cosmic Rays

® Direct measurement in solar system with ACE

Yanasak et al. 2001

AL R R L |

Al

lll]11 T
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Binns et al. 2016
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s MPE~

g 26A| (in molecular component) in a ‘red nova’
® Aluminium monofluoride (AIF) molecule formation
happens under special conditions (e.g. after outbursts in binary)
26AIF line seen from CK Vul (Kaminski et al. 2018)
Favorable line signature of 2°AlF = ALMA observations

LMuU

Dust and molecule formation likely in cooling phase after outburst

Demonstrates existence of 2°Al in a stellar source; related to outburst ~1640?
“FT27TA] and 26Al g
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® GETTING THE MOST FOR A POINT SOURCE

7« (A’ Nova)

7 Supernovae
F"SN2014)
‘¥ Cas A
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¢  Nucleosynthesis in CC-Supernova Models and 4Ti

Shell-Structured Gravitational Supernova
Shock Wave

I_Eydi\ted Massi\‘ié‘as,j;ar Core Collapse
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& 4T r-rays from Cas A

t=85y (Ahmad et al. 2006)
89y | Hriy*Sc ¥ Carte’ ‘ 78, 68; 1157

(o)}

o~
T

No

(@)

*#Ti line flux (107°ph cm™?s™")

COMPTEL OSSE RXTE BeppoSAX INTEGRAL ~ NuSTAR

® Roland D59 Mafgth Cargafifiagi2s 107 Mo
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/MPE /

(g NuSTAR measurement of 44Ti in Cas A

Imaging in hard X-rays (3-79 keV) Tilines at 68,78 keV

¥~ Cas A: first mapping
of radioactivity in a SNR

— Both **Ti lines detected clearly

— line redshift 0.5 keV
— 2000 km/s redshift asymmetry

— 4T flux consistent with
earlier measurements

— Doppler broadening:
(5350 £1610) km s

— Image differs from Fe!!

Chandra (Fe) vs NuSTAR (#4Ti)
Grefenstette et al. 2014
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Grefenstette+2017

G Wh he %Ti Ejecta in the SNR?
' ere are the | Ejecta in the
i 6 arcminutes 3D Velocity (km sec™)
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& Observations versus Models

® Cas A #Ti ejecta morphology resembles simulation outcomes!

‘" Wongwatharanat+2017
X(Ni)=0.52 W15-2-cw-IIb X(Ni)=0.36 X(Ni)=0.24 X(Ni)=0.13
M(Ni):50% 73940 s M(Ni):75% M(Ni):90% M(Ni):97%
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& INTEGRAL/SPI Re-Analysis of Cas A for 44Ti

Using cumulative data from >12 years,
and a new instrumental-background treatment

78 keV and 1157 keV line, seen with same instrument
 Siegertetal, (A&42015) _
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Doppler broadening: 4300+1600 / 2200+1600 km s™* (78, 1157 keV)
*Timass = (1.29 £ 0.15) 10* Mg (78 keV line only)
#4Ti mass = (2.72 £ 0.43) 10* Mg (1.157 MeV line only)
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Core Collapse Supernovae

e 3D effects are crucial (< #Ti X/gamma rays!)

\> UNLEARN THE ONION

Q
Q‘lx
N\ Observations tell us that the explosion, and the ejected elements, are
asymmetric. Yet we rely on spherically symmetric models to

understand supernova nucleosynthesis. yi: 7%
O+Ne+Mg: 3%

This colors our discussion, for
example the notion that the matter
created closest to the neutron star is
most sensitive to the “mass cut”.

time: 9003 s

Reality

® +rare
variants!

LY >x 1.5el2 cm

Wongwathanarat, Maller &
Janka (2015)

jhes, Rakowski, Burrows &
e 2000
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How we understand supernovae of type la

Consensus:
Explosion of a CO WD (C fusion)

o, e Close/interacting
Issues: / 1 2 Binary System \
Ignition =

wp | star

Flame propagation o wo \ Binary

DD | SD Mass Transfer

White Dwarf ‘
Merge %

‘ \ --------------- § *... Nuclear Burning
Accretiortof - % { % “during accretion
less-massive -
Sy

Nuclear Burninhg

during collision '
i WD Accretion

)ﬁ ce | e’ Layer/Belt
€3 /

He Shell
Flash

SN la Central
C Ignition

@:??
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% S6Nj padioactivity = Y-Rays, e* = leakage/deposit
SN la| /o
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SN2014): Early *°Ni

® Spectra from the SN position

7« Clear detections of the two strongest lines expected from °®Ni
with the INTEGRAL Spectrometer ‘SPI’
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/¢ Intensities:
(1.14 +0.43) 10% ph cm=2 st (158 keV line)
and (1.91 +0.67) 10% ph cm=2 st (812 keV line)

7 2®Ni mass estimate (backscaled to explosion): ~0.06 Mg
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e SN2014J: An unusual (triggered) explosion?
Possible scenario:
A belt of He accreted from the companion star - initial He explosion,
triggering the SNIa explosion of the CO white dwarf (M<M_,)

f

to observer i

I
I
inner *°Ni I
(opt. thick) /4
/~orpne " Ni belt <5000kms 7
,/ with mass donor (opt. thin) ¢ S5 ms /

/. ____companionstar __.

Y

Diehl+ Science (2014)
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Line Uncertainties: Search and method biases

' ] ® Random Search: Fit a Line with
20+ T a4 . . .
_ (Centroid,Intensity, Width),
st 1 _ll . -2 significances (color)
P 101 . *é
s : I
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SN2014): Early *°Ni (t~8.8d)

... and also an underlying broad line from early *®Ni?

Detection of 3510 frrmrmrmemprrerr e €8 1, AdA (2016)
~158 keV emission [ rovs. 1380-1386 /
also in broad-bin '
analysis e
g
An underlying =
broad, red-shifted _
line as well?? ~1x10°
>6Nj mass estimate (backscaled ;
_2x10-§-JALAllAl 1 | 11:"1 | 13
120 130 140 150 160 170 180 180
E (keV)
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& SN2014)J data Jan — Jun 2014: 847 keV %6Co line

L o
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““"Diehl et al., A&A 2015
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& SN2014) data Jan — Jun 2014: 5¢Co Imes

Doppler broadened v
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g Light from Explosions
® Radiation Transport:

~“MeV
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& Deposition of Radioactivity in SNla

® Radiation transport:

"~ Primary gamma-rays and positrons = UVOIR Light Curve
— example: DD/merger; Taubenberger et al. 2013
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Post-merger dynamics

disruption of less-massive neutron star = ejection, nuclear reactions

Density (g/cm?®)
6el2

t=1526 ms

6ell

6el10

200 km

Ferndndez & Metzger 2016
from Rezolla+ 2011, and
Fouchart+ 2014
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& Emission from a neutron star merger
® Radioactivity deposits energy in ejecta components

® Gamma rays leak out Gamma-ray emission 7 Evolutionof
as lightcurve peaks later h|gh & |0W-energy emission
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e,

= y-ray line measurements of GW1708177 @+ [
LMU
GW170817 is too distant!
Hotokezaka+ 2016
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Density (g/cm?®)
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C

Nuclear Gamma-Ray Line Science Results
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=) . .
: Cosmic Garnra Rays: Summary

y-rays provide a unique / different view

““"Yield constraints for SNe and Novae, Independent
of complexity from unfolding of the explosion

" Radioactivity traces diluted ejecta at late phases
“““Nuclear de-excitation traces CRs, and ionised gas

SNIa °®Ni and how the explosion generates SN light
“¥”SN2014J reveals its *®Ni,”®Co irregularly = 3D effects?

ccSupernova **Ti demonstrates SN asymmetries
“¥"0Only Some SN Eject #*Ti, but then much, and clumpy

Massive-star shell structure & evolution tests:

"¥726/\| as a tool: understand groups of massive stars (My
““"How much %Fe from n captures in C and He shells?

ISM in the Galaxy: Role of superbubbles; e* sources
"F26)\| spreads into large (super)bubbles

¥~ e* sources are a variety & puzzle; mcI nQSOs
Indirect Methods in Nucl. Astroph., ECT Trento (1), 05 — 09 Nov 2018
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& Perspectives: New/better observations?

X-rays y-rays (space) y-rays (ground) b loway+
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